0
Dairy Production Science, Ellinbank, VIC, 3821, Australia. transcriptomes were closely related. Table 1 . Summary of experiments, data and analyses. Tissue splicing: variation in differential splicing associated with tissue types estimated using RNA sequence data from all experiments. Breed splicing: variation in differential splicing associated with Holstein and Jersey breeds estimated using RNA sequence data of milk cells from experiment III. sQTLs: cis splicing quantitative trait loci, sQTLs estimated using RNA sequence data and imputed whole genome and from experiment III and IV. Data from experiment III and IV were also used to estimate exon expression eeQTLs and gene expression geQTLs. The same 105 Holstein cattle, each of which had both white blood and milk cell transcriptomic data.
3 9
Differential splicing between tissues and breeds 1 4 0
We primarily defined a differentially spliced gene as a gene which contained exons whose 1 4 1 inclusion ratios (exon expression divided by gene expression) were significantly associated 1 4 2 with tissue or breed (FDR<0.1). To verify the significantly spliced exons, we imposed a 1 4 3 requirement that at least one adjacent intron had an excision ratio [9, 25] that was also Table 2 . Summary of expression QTLs detected. cis sQTLs: significant SNPs within ± 1Mb of the exon, associated with the variation in its inclusion ratio and also associated with the variations in the excision of an adjacent intron at the same significance level. Where the FDR threshold was approximated to 0.01 by combining FDR thresholds used in exon (FDR < 0.1) and intron (FDR < 0.1) analyses. cis eeQTLs: significant (FDR<0.01) SNPs within ± 1Mb of the exon, associated with the variation in its abundance. cis geQTLs: significant (FDR<0.01) SNPs within ± 1Mb of the gene associated with the variation in its abundance. Comparing sQTLs with exon expression eeQTLs and gene expression geQTLs
Many more significant eeQTLs than sQTLs were detected in all tissues studied (Table 2 ). In white blood and milk cells, the number of geQTL was smaller than the number of significant 1 9 9
sQTLs in white blood and milk cells (Table 2) . 'Splice' SNP category for sQTLs, eeQTLs and geQTLs were observed in different tissues 2 0 7
( Figure 3b ). between white blood cells and milk cells and between liver and muscle were also evident at 2 4 0 the exon and gene level ( Figure 5b ).
4 1
The expression QTL sharing between tissues was further examined for all types of expression QTL by using a less stringent p-value (p<0.05) to test their effect (Additional file 2:
Supplementary Figure S6 ). This showed that the expression QTL sharing between tissues was The correlation between estimated SNP effects on gene splicing and expression in different the true correlation, we computed the genetic correlation between SNP effects in two conventional GRM by focusing on the local SNPs (in this case within 1 Mb distance) with
potential cis genetic associations with the variation in the splicing or expression level of the Often both splicing events and exon expression within a gene were highly correlated between 2 6 5 white blood and milk cells, for instance DDX19B, CTSD and EFF1A1 ( Figure 5c ). In liver showed significant genetic correlations between tissues based on both exon expression and
splicing. There were more cases of eeQTLs than sQTLs and geQTLs and so there were more 2 6 9
estimates of genetic correlations between white blood and milk cells in Figure 5c . The genetic correlations between eeQTLs in white blood and milk cells show a range from +1 to - between liver and muscle. Genetic correlations between exon expression levels in two tissues can be different between Supplementary Figure S7 ). For exons 1 and 3, the significances of the eeQTLs in both milk 2 8 6
and white blood cells were > 1e-3. For exon 4, the significance of the majority of eeQTLs in 2 8 7
both milk and white blood cells were > 1e-5 (Additional file 2: Supplementary Figure S7 ). Based on shared genetic effects of all types of expression QTLs across tissues, a multi-
transcriptome meta-analysis was introduced to increase the power to detect sQTLs, eeQTLs
and geQTLs ( Figure 6 , Table 3 ). For sQTLs, eeQTLs and geQTLs that had significant effects transcriptome meta-analysis based on summary statistics substantially increased the power of expression QTLs detection ( Figure 6 ). The significance of multi-transcriptome expression 2 9 7
QTLs was compared with their significance in the liver transcriptome ( Figure 6 , Table 3 ). For and liver transcriptome analysis p < 0.05, all types of expression QTLs had significant
overlap of the SNPs between the meta-analysis and the single transcriptome analysis in liver.
In fact most of the significant sQTLs, eeQTLs and geQTLs detected by the meta-analysis
were also detected by the liver analysis but at a much higher p-value (Table 3) . and beef traits than sQTLs, geQTLs and eeQTLs identified in liver and muscle ( Figure 7 ). An example of an eeQTLs that overlaps a milk production QTL is for MGST1, where effects al. originated from whole genome sequence and so were not present on the high density SNP Table S10 ). However, 53 significant milk cell eeQTLs identified by the current study Supplementary Table S10), which was significantly more than expected by random chance.
The 53 eeQTLs included the SNP suggested as a putative causal candidate (Chr5:93945738)
[31], which was significantly associated with the variation in expression level of the third Table S10 ). No milk cell geQTLs was called for MGST1, as all of them had weak effects on Supplementary Table S10). We performed a systematic analysis of cis expression QTLs (<=1Mb) in multiple tissues 3 4 3 centred around RNA splicing events, using a large number of RNA and whole genome
sequence data from an important domestic animal species. Overall, differential splicing
between tissues is ubiquitous and between breeds is common. Differential splicing between geQTLs and sQTLs were detected as eeQTLs indicating that the exon expression can be altered by changing the expression of the whole gene or by changing the splicing. However,
an sQTL was likely to be an eeQTLs and, to a lesser extent, geQTLs. Between tissues, while
all QTLs types showed significant overlap between white blood cells and milk cells and between liver and muscle, the strongest cross-tissue sharing appeared to be at the exon level (sQTLs and eeQTLs). This is supported by many significant tissue pair genetic correlations.
5 4
Such cross-tissue expression QTL sharing allowed the multi-transcriptome meta-analysis of
expression QTL effects which substantially increases power to detect significant expression
QTLs.
The majority of significant sQTLs were detected from white blood and milk cells ( sQTLs detected from liver and muscle. This is probably due to the larger sample size for 3 6 0 white blood and milk cells than for liver and muscle (Table 1 ) and the higher sequencing beef cattle traits (Additional file 11: Supplementary Table S9 ). This SNP is associated with
shear force in multiple taurine breeds [34] .
In the milk cell transcriptome, a significant sQTL (Chr6:87392580, Figure 2a ) with predicted is at a splicing site, 6:87392580 could be a putative causal variant contributing to milk
production in dairy cattle by altering exon splicing. Compared to identified bovine cis geQTLs, cis sQTLs tended to be closer to the transcription
starting site (TSS) and had highest concentrations of intronic SNPs (Figure 3 ). In humans, cis
sQTLs [9, 37] were more enriched for intron SNPs than other types of QTLs. However,
reports of the distance between human QTLs and TSS appear to be inconsistent. While no human GTEx project [8] , a more recent study [9] found that human geQTLs were more sQTLs were independent of geQTLs. These inconsistent observations are likely to be due to a 3 8 6 number of differences between these studies, including definition of sQTLs, choice of tissues
and populations and computational procedures. Also, these inconsistent observations also Within each studied bovine tissue, the largest amount of overlap between expression QTL 3 9 0 types was found either between exon expression eeQTLs and sQTLs or between eeQTLs and 3 9 1 geQTLs ( Figure 4) . Further, the largest amount of enrichments of cattle pleiotropic SNPs was 3 9 2 found for eeQTLs, followed by sQTLs and geQTLs. The white blood cell eeQTLs showed
particularly strong enrichments of pleiotropic SNPs for dairy and beef cattle. In a large scale
human blood cell expression QTLs study [12] , eeQTLs also showed the strongest
enrichments of GWAS variants, followed by sQTLs and geQTLs. Thus, focusing on exon-
level QTLs, including eeQTLs and sQTLs, could increase the chance of finding regulatory
variants for complex traits, as proposed by Guan et. al. [38] . A hypothesis to explain these results is that mutations in regulatory DNA may increase the Table S7 ). It appears that eeQTLs detect the 4 0 5 largest proportion of these regulatory polymorphisms provided sequencing depth is high.
In humans, significant cross-tissue sharing of sQTLs and geQTLs was reported [8, 39] . In our 4 0 7 study of cattle, the strongest evidence of expression QTL sharing appeared to be at the exon expression QTLs cross-tissue sharing is also the greatest.
We highlighted a few examples of cross-tissue shared eeQTLs along with the related exons, eeQTLs and dairy milk fat yield SNPs (Figure 7c) . Furthermore, the identified milk cell analysis demonstrates the significant potential of using detailed exon analysis to aid in Based on the sharing of expression QTLs between tissues, a multi-transcriptome meta-
analysis which simply combined expression QTL effects to substantially increase the power blood cells, milk cells and muscle were validated in the liver ( multiple tissues would be very useful.
5
As one of earliest investigations of large animal expression QTLs, our study has its potential We found that the strongest sharing of expression QTLs was either between white blood and III had a larger sample size and higher read coverage, compared to the liver and muscle sharing detected between, e.g., muscle and milk cells, could be due to differences in the tissue, 4 6 0 the physiological state of the cattle or the breed. However, it can be also due to different 4 6 1 power in the milk cells, liver and muscle datasets compared to the white blood cell data. expression QTLs were also found in liver with p<0.05 (Table 3 ). This evidence supports the
proposal that the sharing of cis expression QTL is extensive across tissues, but these shared tissues from up to 450 individuals were analysed, cis expression QTL tended to be either
shared across most tissues or specific to a small subset of tissues [11] . As sample numbers for Future studies with significantly increased power and selection of cattle tissues and breeds 4 7 3 may update our current results.
7 4
Another potential limitation of our study is the use of imputed sequence data, which may QTLs. However, the average imputation accuracy of the 1000 bull genome project data used File 2: Supplementary Figure S3 ). Stringent thresholds were also imposed to control the false We found that eeQTLs overlapped with both geQTLs, due to polymorphisms affecting the exon usage within the gene. sQTLs tended to be closer to the transcription start sites more
often located in introns than geQTLs. We found the largest number of sQTLs in white blood 4 9 6 cells probably because the power to find them was greatest in this dataset. However, many of
the sQTLs found in other tissues were also detected in blood cells and many sQTLs found in results from several tissues using the multi-transcriptome meta-analysis increased power to focus on exons or genes with relatively robust expression in many RNA sequencing samples.
4 4
The exon-based tissue principal components analysis used DEseq2 based on the 250 exons, 1,000 exons with the most variable expression across tissue samples were also tested. Where y = exon inclusion or intron excision ratios, b i = the animal random effects (i=214), animal random effects accounted for the fact that only 1 animal was used in experiment I.
7 2
The P values of F tests were calculated using Satterthwaite approximation implemented in Where y = exon inclusion or intron excision ratios in the milk cell transcriptome, breed l = (1) or the breed effects in equation (2) were used to calculate the false discovery rates (FDR) showing significant differential splicing for (1) the overall tissue effects and (2) the breed 5 8 3 effects as described above, enrichments of biological pathway were tested using GOrilla [55].
8 4
As many genes had differential splicing events associated with tissue differences, top 10% of
the genes with significant differential splicing were selected based on the approximate FDR 5 8 6
with combined FDR values of both exon and intron analyses. (FDR<0.01) cis splicing QTLs was expected to satisfy two conditions simultaneously: (1) a
SNP, within or up to ± 1Mb away from the exon, was significantly (FDR<0.1) associated
with the variation in the exon inclusion ratio and (2) the same SNP was significantly experiment IV (liver and muscle), SNPs ± 1Mb from the exon or intron were tested for
regressions with the exon inclusion or intron excision phenotype. For milk cell transcriptome,
breed was fitted as a covariate.
9 9
To compare cis sQTLs with exon expression cis eeQTLs and cis gene expression geQTLs, (within ± 1Mb) at FDR <0.01 level as described above. and the transcription start site of the gene were calculated for the SNP with significant cis 6 0 7
effects. The SNP functional categories were generated using predictions from Ensembl assigned a functional category. numbers >2,000 were selected. Briefly, the multi-trait For dairy cattle, the meta-analysis was based on the weighted SNP effects t w combining SNP 6 1 9 effects calculated separately in bulls and cows. The t w accounting for the phenotypic error Where the weighted SNP t value t w was the quotient of the weighted SNP effects B w and the 6 2 3 weighted effect error se w . B bull and se bull were the SNP effects and error obtained from single- which had meta-analysis FDR<0.01 were chosen to be compared with cis expression QTLs.
2 6
The lead SNP loci were defined as ±1 Mb from the lead SNPs identified in the previous The significance of overlaps. The significance of overlaps were compared with the expected 6 2 9 number using the Fisher's exact test (p) implemented in GeneOverlap [58] in R. This analysis 6 3 0 required four types of counts: the size of overlap between set A (e.g., SNPs that were blood 6 3 1 sQTLs) and set B (e.g., SNPs that were milk sQTLs), the size of set A, the size of set B and overlap, the number of common SNPs between breeds was used. Genetic correlations using local genomic relationship matrices. The cross-tissue sharing between t 1 and t 2 , cov lg (tr 1 ,tr 2 ) using GREML [59] . This approach agreed with the definition of cis expression QTLs defined in this study (also within 1Mb distance to the exon or gene) The standardised expression QTL effects, b/se, signed t values were calculated from single- degree of freedom: estimated. Provided the individual t-values followed a t-distribution under the null hypothesis, 6 6 0 the properties of the average t value in the current study was a simple mathematical result 6 6 1 which approximated the chi square distribution with 1 degree of freedom, the null hypothesis 6 6 2 of which was that the SNP does not have any significant associations in any of the 3 tissue 6 6 3 types. Previously, the concept of meta-analysis combining SNP t values estimated from 6 6 4 different datasets has been also applied to analyse multiple quantitative phenotypic traits in 6 6 5 large animals to increase power (see [33, 60] and equation (3)). The expression QTLs that and the significance of the multi-transcriptome effects was defined as p < 1e-05. Significant 6 6 8 multi-transcriptome expression QTLs were compared with the liver single-transcriptome 6 6 9 effects at p < 0.05 level. We chose to combine two tissues which appeared to display strong compared with was liver, a tissue which also appeared to show weak power and was from 6 7 3 experiment IV. These choices intended to create enough differences for the meta-analysis to 6 7 4 combine the SNP effects and for the combined SNP effects to be compared with the SNP 6 7 5 effects in the single tissue. For experiment I-III, the animal ethics was approved by the Victoria Animal Ethics Not applicable. 
